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INTRODUCTION 
The enzyme, luciferase, extracted from the luminescent ostracod crustacean 
Cypridina  hilgendorfii,  has  been  reported  to  be  reversibly inactivated  by  a 
short exposure to a temperature of 38°C. The velocity constant of the luciferin- 
luciferase reaction measured at 35 ° is one-fifth of its value at 25  °  (Chase and 
Lorenz,  1945).  Luciferase heated  to 38  ° and  then  immediately cooled to  25  ° 
and  added  to luciferin  at  that  temperature  catalyzes a  luminescent  reaction 
having the same velocity constant as though the enzyme had not been heated 
above 25  ° (Chase, 1946). 
The purpose of the present paper is to exhibit experimental results obtained 
after subjecting Cypridina  luciferase solutions to temperatures  from 40-55°C. 
for varying periods of time, up to 24 hours, and to tender a possible mechanism 
for the inactivation of the enzyme which occurs under these conditions. 
Most  of  the  material in  the  literature  on heat  inactivation  of enzymes  is 
from hydrolytic systems. The luminescent reaction of Cypridina  luciferin and 
luciferase  is  very probably an  oxidative process,  since  it  occurs only in  the 
presence  of  oxygen.  For  this  reason,  and  also  because  this  reaction  is  very 
possibly related to cell respiration systems in some organisms  ~e.g., luminous 
bacteria), a  study of the effects of heat upon luciferase seemed likely to yield 
information of general value. 
Experimental  Method and Procedures 
The photoelectric method developed by Anderson (1933) was used to measure the 
course of the luminescent reaction, initiated by mixing lueiferase  and luciferin  solu- 
tions, both in 0.067 M phosphate buffer of pH 6.8 containing sodium chloride  in 0.01 
concentration. This buffer solution  will be referred to hereafter as "reaction mix- 
ture." 
In preparing the  luciferase  stock solution  5 gin.  of ground  Cypridina organisms 
were extracted with 100 mI. of distilled  water and the filtrate was subjected to dialy- 
sis, first against tap water and then against distilled water. The final enzyme solution 
* This work was  supported by an  institutional  grant  for fundamental research 
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was nearly colorless  and considerable inactive protein had precipitated  out during 
the latter stages of the dialysis. 
The lucfferin was partially purified by one cycle  of  the procedure developed by 
Anderson (1935). 
All measurements of  luminescence were  carried  out  at  room  temperature.  The 
enzyme alone was subjected to the higher temperatures. The  procedure which was 
adhered to in all experiments was as follows. A portion of the stock luciferase solu- 
tion was first diluted 1:40 with reaction mixture. If the effect  of a  temperature  of 
45°C. were to be studied, for example, a  quantity of the reaction mixture was first 
allowed to come into equilibrium with this temperature in  a  thermostatically con- 
trolled water bath. Ten ml. of it, at 45  °, were then added to  1.0 ml. of the  diluted 
luciferase solution in a  test tube and the latter  was immersed in the water bath for 
the desired length of time. The test tube was then removed from the bath and  im- 
mersed in a vessel containing  ice water until a thermometer in the  test tube indicated 
that the solution had cooled to about 25 °  . The enzyme solution was stirred with the 
thermometer so  that the cooling process  was rapid and uniform.  The solution was 
then poured into a 25 ml. flask at room temperature since, if left in the test tube, its 
temperature would continue to fall slightly. 
Immediately after  this last operation, 0.10  ml.  of  stock  luciferin  solution  x was 
measured into the reaction vessel of the light-measuring apparatus and 10 ml. of re- 
action mixture were added.  Exactly 2  minutes after  the  test  tube containing the 
enzyme solution had been removed from the 45  ° water bath,  10 ml. of the treated 
enzyme solution were  added  to  the  lucfferin solution in the  reaction vessel.  This 
initiated the luminescent reaction and light emission was recorded until the reaction 
was over (in most cases).  It was found that any deviation from an exac t procedure 
caused considerable variation in the experimental results, so the procedure described 
above was rigorously followed  in all cases. 
Amberson (1922) first showed that the luminescent  reaction of luciferin and lucifer- 
ase  extracted  from  Cypridina  exhibits first order reaction kinetics. This has  been 
amply confirmed since and in the present work the first order velocity constant  t has 
been used as a measure of the activity of the enzyme. Graph C of Fig. 1 shows how 
exactly the concentration of active luciferase is represented by the relative velocity 
constant. Graph A of Fig. 1 shows  total emitted light plotted against time, with a 
constant amount of  luciferin initially present and varying amounts of  luciferase. 
Graph B of Fig. 1 shows  the plots of logl0(a  -  x)  vs.  time, and Graph C of Fig. 1 
shows  the  slopes  of  Graph B  (expressed  as positive rather  than negative values) 
plotted against the actual amount of luciferase present. 
1 This solution was prepared in advance as follows.  0.50  ml. of  n-butyl alcohol 
solution of luciferin from the purification procedure was transferred to a  small vial 
and the solvent was removed in vacuo.  To the dry residue in the vial 3.0 ml. of 0.10N 
HC1 were added. After solution had occurred the contents of the vial were transferred 
to a small test tube immersed in an ice water bath to retard loss of the luciferin by 
oxidation. 
* The numerical value of the slope obtained on plotting logt0 of luciferin remaining 
against time is proportional to the velocity constant. AI/RIN  ~.  CHASE  537 
t~ 
b~ 
I 
\ 
~D 
0 
< 
(x-o~)  o, oo~ 
7r 
•  ~.b~  0 
•  .:  ~  '~ 
I  I 
~9N~O~NI~7  7VlOi  J.N33 ~2d 
0 
U9 
U~ 
F- 
Lu 
(D 
C- 
o 
~  ~o  ..~ 
~  ~'~  ~  "-"  ~,~ 
,,,~  ~-~  .=  ~.-~  m 
0  .  ~o8  :-~ 
~'~  ~  ~  ~  ~  ~ 
o~.~  4~ 
"~:o  ~8  ,.~  0  0  "~  0  0  ,-, 538  HEAT  INACTIVATION OF  LUCI•ERASE 
In all cases the activities of treated samples of enzyme were expressed in terms of 
that  of untreated  samples of  the  same  enzyme solution,  set  equal  to  unity.  One 
luciferase extraction only was used  throughout  the entire series of experiments so 
that the enzyme solutions, although not pure, were always uniform in composition. 
EXPERIMENTAL RESULTS 
From two to four series of experiments were performed at each of the tem- 
peratures studied. Table I  gives the average activities obtained from the sev- 
eral  individual series at  each  temperature.  As  stated  above,  these  activities 
are expressed in terms of that of the untreated control solutions. 
TABLE I 
Decrease  of luciferase activity during exposure to temperatures from 40-55°C.  Activity 
is expressed in terms of that of the untreated enzyme, set equal to unity. 
Relative velocity constant at six temperatures 
Time 
,J--O*C.  45°C.  47.5~C.  50°C.  52.50C.  55*C. 
0.033 
0.067 
0.133 
0.25 
0.50 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 
24.0 
0.98 
0.96 
0.90 
0.92 
0.89 
0.85 
0.89 
0.82 
0.82 
0.97 
0.95 
0.89 
0.79 
0.79 
0.74 
0.71 
0.71 
0.65 
0.61 
0.50 
0.84 
0.73 
0.67 
0.60 
0.59 
0.49 
0.42 
0.39 
0.26 
0.78 
0.61 
0.59 
0.48 
0.42 
0.36 
0.35 
0.33 
0.32 
0.31 
0.29 
0.10 
0.50 
0.25 
0.19 
0.11 
0.068 
0.068 
0.031 
0.052 
0.0 
0.14 
0.079 
0.045 
0.023 
0.026 
0.033 
0.017 
0.011 
0.0 
Fig. 2 is a  graph of relative activity vs. time of exposure to the various tem- 
peratures and is a  direct plot of the data of Table I. The curves drawn in Fig. 2 
are theoretical and were calculated as described in the next section. 
Inspection of the figure shows at once that the inactivation of luciferase by 
heat is not a  simple process. This is emphasized in Fig. 3 A, in which the rela- 
tive enzyme activity is plotted on a  logarithmic scale against the time of ex- 
posure of the enzyme to the various temperatures. The curves which describe 
the data are distinctly compound in nature and indicate that at least two re- 
actions are  involved in  the  inactivation process. The  activity values for the 
shortest exposure times have not been included in Fig. 3 A, nor were any of 
the data for the 55 ° experiments, in order to avoid confusion. The fact that at 
the lowest temperature the activity reaches a  value which remains almost con- 1.0 
o.g 
0.8 
0.7 
I- 
z  ,q  0.6 
i- 
0.5 
o 
~_  0.4 
g 
0 
.j  0.3 
0.2 
t  I  .....  I  I  I 
~!~O0  0~~  rs  0  40  ° C. 
0 
-- ~  I  045"  G.  II  ~ 
41  • 
47.5*  C.  ~' 
--  ~  &  4  ",,, 
50  = O.  ~• 
\ 
,l 
o  ~  o 
I 
O.I 
,,  _  5s'c.  .=.~. 
o,o  -I  I  i-  I  I  I  I 
I  2  3  4  5  24 
FIG. 2.  The values of the relative velocity constants ~ven in Table I  plotted against 
time  of  exposure of  a  standard amount of luciferase solution  (of pH  6.8)  to  the  six 
temperatures shown. The curves are theoretical and were calculated as described in 
the text. 
1.0  i  I  i  I  I  l  Lo  _k  I  'I  l  I  I  I 
0.8 
pH 6.7  0.7  0.5  % ~  -- 
0.3  ,  -- 
~  0.5 
0.4  t  = 
o.s  ~_ 
~,  ~  o.o5 
0.2  ~  • 
°.o+ I-  \  .... 
0.1  .  0"01 
0  4  II  12  16  20  24  0  4  8  12  JG  20  24 
T  I  M£+~4R$.  TIME+ItR~ 
FaG. 3.  A, the data and theoretical curves of Fig. 2 plotted on a  semilogarithmic 
scale. It is apparent that the mechanism of heat inactivation of luciferase involves 
more than one reaction. 
B, the effect of pH on rate of heat inactivation of luciferase. All three experiments 
were done at the same temperature, 47.5°C.  The ordinate representing the relative 
velocity constant is logarithmic. The curves which describe the data are not theo- 
retical. One point, not shown, on the pH 5.5 curve would lie below the graph and on 
the curve. 
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stant for a period of hours indicates an equilibrium between an active and an 
inactive form of the  enzyme. At  higher temperatures,  however,  the  initial, 
rapid loss  of activity is followed by a  much slower loss which persists for a 
long time. A  second reaction must be largely responsible for this part of the 
Curve. 
A nalysis of the Resul'ts 
The data of Fig. 2 may be described quantitatively on the basis of several 
different mechanisms. Three of these were considered. 
h, 
I  (inactive) 
__ 
N (active) 
l  "'  '  P  ("protected"  and  active) 
ks 
N  (active)  ,-  kl ~  a  (inactive)  -  k3 ~  I  (inactive)  (2) 
i 
N  (active) 
!1 
h 
-- I  (inactive) 
tt (inactive) 
kt 
(i) 
(3) 
The first mechanism (No. 1, above) is that postulated by Wright and Scho- 
maker (1948) for the inactivation of diphtheria antitoxin. Although the equa- 
tion which represents this mechanism will fit the present  data,  this scheme 
had to be discarded because, in the case of luciferase, a  recovery of some of 
the original activity can be demonstrated upon cooling to room temperature 
enzyme that has been partially inactivated by exposure to a high temperature 
(see Fig. 4). Wright and Schomaker's mechanism includes the reversible pro- 
duction of a form of the molecule which they term "protected," in that it still 
possesses  the activity of the original substance, N. No recovery of activity on 
cooling should be observed for such a  system. 
The second mechanism (No. 2, above) is similar to that which was advanced 
by Lundgren and Williams (1939) to explain the effect of heat and some other 
factors  upon  thyroglobulin. This  scheme  seemed  applicable  in  the  case  of 
luciferase because the reversible formation of an inactive compound, a, from 
the original material, N,  would permit recovery of activity upon  removing 
the condition that had resulted in the production of a. However, semiquantita- AURn~  v.  cuss  ~  ~  541 
tive heating and cooling .experiments, designed to favor recovery of lueiferase 
activity, did not give as great a  recovery as it seemed reasonable to expect if 
this mechanism were operating. The value of k,, calculated from the equations 
which describe this system, is very small compared with the calculated values 
of kl and k2. Therefore, one might expect practically complete recovery of the 
original luciferase activity on properly manipulating the experimental condi- 
tions. Actually, only about  two-thirds of the original activity was recovered, 
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FIo. 4.  Recovery of luciferase activity after cooling to room temperature, foUow- 
ing a 15 minute exposure to a temperature of 48°C. About 55 per cent of the original 
activity was lost during the exposure to the high temperature and much of this lost 
activity was regained during a subsequent 24 hour stand at room temperature. 
even  under  the  most  favorable experimental  conditions.  In  the  experiment 
shown in Fig. 4, for example, 55 per cent of the original activity was lost  and 
only about 35  per cent  recovered. This indicated  that  the  rate constant  for 
the irreversible step was considerably greater than that given by the equations 
which describe mechanism 2. 
Mechanism 3 seemed to best represent all the experimental data.* The reac- 
3 In an abstract which appeared in the Biological Bulletin (October, 1949, 97, 256) 
a preliminary report and an interpretation of these data were presented. Mechanism 2 
was at that time considered  the most likely one.  Additional experiments on the re- 
covery of luciferase activity on cooling have since favored mechanism 3 over mecha- 
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tions, represented by the three rate constants kl, k~, and ka, are assumed to be 
first order.  The  scheme differs from that of Wright and  Schomaker  (1948) 
only in that the compound, a, formed in the reversible reaction, is inactive 
rather  than active.  It is realized,  of course,  that  this mechanism  (like  the 
others) may well be an oversimplification, but it seemed worth while to analyze 
the data in terms of it nevertheless. Evidence that the mechanism may not be 
as simple as represented will be discussed shortly. 
The differential equations which describe mechanism 3 are as follows:-- 
dn 
=  -(k,  +  k )N  + 
dt 
(4) 
da 
--  =  k~N  --  k~a 
dt 
All activity resides in the original form, N, of the enzyme. The solution N 
has the form: 
N = N,,  -xl' +N~,  -x~t  (S) 
where N  is the observed activity at time, t, for any particular temperature, 
and N1, N2, Xl and X2 are constants depending upon kl, k2, ks, and the initial 
conditions. (In this case N  =  1 and a  =  0 at time =  0.) Activity is expressed 
as a  fraction of that of the untreated enzyme at 25°C. The constants, N1, N2, 
X1, and X2 are determined from the experimental curves for N. 
The values of the three rate constants, ]el, k2, and ks, can be calculated from 
the following relationships: 
]klN2 -~- X2NI  1  k~  / 
~1X~  I  (6)  k~ =  k~- 
kz =  ~1 +  h~ --  kl  --  k8 
The method of solving the simultaneous differential equations  (4)  and of 
obtaining the values of the three rate constants (6)  is essentially the same as 
that given by Wright and Schomaker (1948) and will not be further considered 
here. 
In Fig. 2 the symbols show the observed activity of luciferase (relative to 
that of the untreated enzyme, expressed as unity) after having been subjected 
to various temperatures for times up to 24 hours. The curves which appear in 
the figure are theoretical and were calculated from equation (5) above. 
Table II gives the values of X~, X2, N~, and N2 which determine the theoreti- 
cal curves of Fig. 2. The table also contains the values of kl, k2, and k~ cal- 
culated from equations (6). In Fig. 5 the logarithms of the calculated values 
of k~, k2, and ks are shown plotted against the reciprocal of the absolute tern- AUm~ ~r.  crrasE  543 
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Fro. 5.  Logarithms of the rate constants, kl, ks, and ka, for mechanism 3 (see text), 
plotted against the reciprocal of the absolute temperature. 
TABLE II 
Calculated values of the rate constants, kt, k~, and ks, obtained from  the constants, Xz, 
~2, Nt, and N~, which determine the theoretical curves shown in Figs. 2 aad 3 A. 
Temperature 
°C. 
40 
45 
47.5 
50 
52.5 
55 
4.0 
3.5 
6.0 
8.0 
20.0 
40.0 
0.005 
0.020 
0.035 
0.053 
0.50 
1.0 
~trl 
0.12 
0.27 
0.52 
0.63 
0.90 
0.96 
N| 
0.88 
0.73 
0.48 
0.37 
0.10 
0.04 
kl 
0.005 ~ 
0.002 
0.072 
0.142 
4.08 
15.6 
kl  kt 
0.48  3.52 
0.93  2.56 
3.06  2.90 
4.92  2.99 
13.97  2.45 
22.84  2.56 
perature. The values of log k,, for the reaction, N---*a, are approximately fitted 
by a  straight line, whose slope yields an experimental activation energy, for 
the  reversible step,  of about  57,000  calories per  mole.  This  value  is  in  the 
range typical for protein denaturation. 544  HF_,AT  INACTIVATI01~  O]r  LUCIFE~kSE 
The values  of log10 kl, for the irreversible  formation of I  from N, do not 
yield a  straight line when plotted against 1/T. The data do not seem good 
enough to permit a choice between a smooth curve or two straight lines as the 
better means of fitting the plotted values.  The second alternative has been 
chosen, more or less arbitrarily. Either choice leads to a high calculated value 
for the experimental  activation energy, again indicating protein denaturation. 
The logarithm of ks, representing  the formation of N from a, remains prac- 
tically constant over  the temperature range studied and indicates  that this 
reaction is apparently unaffected by temperature. This result, although unex- 
pected, is similar to that reported by Kunitz (1948) in his study of the revers- 
ible inactivation by heat of the soybean inhibitor of trypsin, discussed below. 
He found for that enzyme system that although the inactivation phase of the 
reversible  process was greatly accelerated  as the temperature was  increased, 
the recovery phase of the reaction was hardly altered, being therefore almost 
temperature independent. In the case of luciferase, attempts to carry out ex- 
periments that would yield good enough data for analysis of this latter step in 
the absence of the two inactivating reactions  have been  unsuccessful due to 
technical difficulties. 
Systems in which both reversible and irreversible inactivation by heat occur 
are not at all uncommon. An example is that studied by Kunitz (1948). His 
excellent quantitative measurements of the heat denaturation of the crystalline 
soybean inhibitor of trypsin show that at moderately high temperatures an 
inactive form is produced in an entirely reversible way. At a considerably higher 
temperature (90°C.) an inactive form rapidly occurs from which the original 
compound can no longer be recovered on cooling. The .two components of the 
reversible reaction exhibit first order kinetics, while the irreversible step is more 
probably second order. 
Another example is crystalline swine pepsinogen, studied by Herriott (1938). 
Here, too, both a reversible and an irreversible heat denaturation take place, 
depending upon the temperature. 
Other examples could be cited. The luciferase system appears to differ from 
the two just mentioned in that the irreversible step takes place at considerably 
lower temperatures,  so that it is difficult to separate  the reversible from the 
irreversible  reaction  experimentally.  The  purity of  the  luciferase  extracted 
from Cypridina organisms does not approach that of the enzymes studied by 
Kunitz and by Herriott. It is quite possible, consequently,  that other com- 
pounds in the luciferase solution,  as prepared,  may be exerting  complicating 
effects. 
Influence of Hydrogen Ion Concentration 
Since heat denaturation of proteins is known to be markedly affected by 
pH,  some exploratory experiments  were conducted at 47.5°C. at three pH's AURIN  M.  CHASE  545 
(5.5, 6.7, and 7.9). The data are not sufficiently extensive to justify a quanti- 
tative interpretation but they do indicate that, in the case of luciferase, as has 
been reported for some other proteins, the pH of the medium greatly influences 
the rate of inactivation at a  particular temperature. Fig.  3 B  shows a  semi- 
logarithmic plot of the  decrease of the  first order velocity constant  of the 
luminescent reaction catalyzed by luciferase which was buffered at these three 
pH'~ and exposed to 47.5° for various times before being cooled to 25  °  and 
added to luciferin at that temperature and at pH 6.7. Each curve is the average 
of two separate experiments. Inactivation of the enzyme is obviously much 
faster at the two extreme pH values than at pH 6.7. The compound nature 
of the curves is again apparent, indicating a mechanism essentially similar to 
that which has been discussed. The postulated reversible and irreversible re- 
actions leading to inactivation are both evidently accelerated at the extreme 
pH values as compared with the results at pH 6.7. 
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ham, who performed the experiments  upon which this paper is based. 
I wish to thank Dr. Hans Neurath, Dr. Rubert S. Anderson, and Dr. Fred Karush 
for much very helpful discussion without, of course, homing them responsible for the 
interpretations of the results as presented in the paper. 
I am greatly indebted to Dr. William Karush, Dr. Samuel S. Wilks, and Dr. John 
W. Tukey for aid in the mathematical analysis of the data. 
SUMMARY 
Solutions of the enzyme luciferase, extracted from Cypridina, were subjected 
at pH 6.8 to temperatures from 40-55°C. for times up to 24 hours. After the 
desired exposures samples  were cooled rapidly  to  room temperature, mixed 
with luciferin, and the first order velocity constants  (representing luciferase 
activity) of the resulting luminescent reactions were determined by a  photo 
electric method. 
The form of the curve relating luciferase activity to time of exposure to a 
temperature in the above range is compound in nature. If the exposure to the 
high temperature is not too long, about two-thirds of the lost activity is slowly 
regained on standing at room temperature. 
The  data  were  described by  an  equation  which  represents  the  following 
mechanism: 
i 
N  (active) 
kl 
I  (inactive) 
_  ~"  a  (inactive) 
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A plot of the logarithm of the rate constant, kl, against the reciprocal of the 
absolute temperature yielded an experimental activation energy for this reac- 
tion of about 57,000 calories,  typical of protein denaturation processes. Log k2 
plotted against 1/T was described by either a curve or two straight lines, high 
activation energies resulting in either case, again indicating protein denatura- 
tion. The plot of log k3: vs. 1/T showed no apparent dependence upon tempera- 
ture, k3 being practically constant over the range studied. This may indicate 
that  the underlying mechanism is  not actually as simple as  pictured. Two 
other mechanisms that were also considered were discarded because of lack of 
experimental support. 
Measurements of the decrease of luciferase activity at 48°C. and at pH 6.7, 
pH 5.5, and pH 7.9 showed that inactivation of the enzyme at this tempera- 
ture was much more rapid at pH 7.9 than at pH 6.7 and was even faster at 
pH 5.5. 
These results from the Cypridina luminescent system were compared with 
those of other investigators on other systems. 
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